Checkpoints were originally identified as signalling pathways that delay mitosis in response to DNA damage or defects in chromosome replication, allowing time for DNA repair to occur. The ATR (ataxia-and rad-related) and ATM (ataxia-mutated) protein kinases are recruited to defective replication forks or to sites of DNA damage, and are thought to initiate the DNA damage response in all eukaryotes. In addition to delaying cell cycle progression, however, the S-phase checkpoint pathway also controls chromosome replication and DNA repair pathways in a highly complex fashion, in order to preserve genome integrity. Much of our understanding of this regulation has come from studies of yeasts, in which the best-characterized targets are the stimulation of ribonucleotide reductase activity by multiple mechanisms, and the inhibition of new initiation events at later origins of DNA replication. In addition, however, the S-phase checkpoint also plays a more enigmatic and apparently critical role in preserving the functional integrity of defective replication forks, by mechanisms that are still understood poorly. This review considers some of the key experiments that have led to our current understanding of this highly complex pathway.
DISCOVERY OF THE S-PHASE CHECKPOINT RESPONSE
The S-phase checkpoint pathway was first characterized in the early 1990s, based on work with fission and budding yeasts [1 -5] . These experiments were heavily influenced, however, by earlier studies of how mammalian cells regulate DNA replication in response to DNA damage. Treatment of human cells or Chinese hamster cells with X-rays was known to delay the entry into mitosis and also cause a very rapid decrease in the rate of DNA synthesis during chromosome replication. It was found in the mid-1970s that treating cells with the drug caffeine prevented both these effects and greatly sensitized cells to radiation [6, 7] , raising the possibility that the observed responses to radiation might normally help cells to survive DNA damage. Subsequent work suggested that radiation blocked the initiation of new replicons during chromosome replication [8] , although this remained to be demonstrated more directly in later years [9] . The underlying mechanisms were not understood initially, and it was suggested that DNA damage changed the conformation of chromatin so as to block replication initiation, whereas caffeine might alter chromatin in a different way and somehow prevent this effect [8] .
Several genetic diseases were known to be associated with increased sensitivity of cells to radiation, owing to defects in DNA repair. Importantly, however, it was reported in 1980 that the radiation sensitivity of cells from ataxia telangiectasia (AT) patients was associated with a defect in their ability to respond to DNA damage, rather than their ability to repair it [10] . Similar to HeLa cells treated with caffeine, AT cells do not reduce their rate of DNA synthesis upon irradiation, nor do they delay entry into mitosis. Viewed from a modern perspective, these features clearly indicate a defect in checkpoint signalling pathways. At the time, however, these data were interpreted in terms of AT cells having a chromatin conformation that prevented DNA damage from blocking replication initiation, analogous to the supposed effects of caffeine treatment [10] .
The realization that such data reflected cellular pathways that have evolved to preserve chromosome integrity came at the end of the 1980s, when Weinert & Hartwell [11] reported that mutation of the budding yeast RAD9 gene caused irradiated cells to enter mitosis in the presence of DNA damage, rather than delaying cell cycle progression in G2 phase. This property of rad9 cells upon irradiation was analogous to human AT cells or to the behaviour of mammalian cells treated with caffeine, and its lethal consequences could be suppressed using a drug that depolymerizes microtubules and thus delays anaphase in the irradiated cells, restoring a period of time during which DNA damage could be repaired [11] . This led to the suggestion that eukaryotic cells have a variety of 'checkpoint' pathways that delay mitosis in response to DNA damage or defects in DNA synthesis, as well as ensuring the successful completion of key processes such as chromosome replication and mitosis [12] .
Further evidence that a checkpoint pathway can act during S phase to protect cells from defects in chromosome replication came from work with fission yeast. It seemed clear by the late-1980s that activation of the Cdc2 protein kinase was a key determinant of the entry into mitosis in all eukaryotes, and dominant mutations in fission yeast Cdc2 caused premature entry into mitosis at a reduced cell size. Enoch & Nurse [2] found that cells expressing the dominant cdc2-3w allele were unable to delay mitosis when treated with the drug hydroxyurea that inhibits ribonucleotide reductase (RNR) and so blocks chromosome replication. This indicated that Cdc2 is the target of a checkpoint pathway that normally delays mitosis in response to defects in DNA replication. Multiple components of this pathway were identified in a screen for mutations that sensitized cells to hydroxyurea and caused mitotic entry in the absence of replication ('hus' mutants as they were hydroxyurea-sensitive), but that did not affect the timing of mitosis in a normal cell cycle [3] . Checkpoint genes with similar properties were also identified in two independent studies, which employed an analogous approach to that of Hartwell & Weinert by analysing fission yeast mutants that were sensitive to radiation [1, 4] . Importantly, all three studies found that cells with mutations in the newly identified 'checkpoint rad' genes were much more sensitive to hydroxyurea than were cells with the cdc2-3w mutation. Moreover, Enoch et al. [3] used synchronized populations of fission yeast cells to show that checkpoint mutants and cdc2-3w were similarly defective in their ability to delay mitosis when replication was blocked, but the checkpoint mutants lost viability as soon as they entered chromosome replication in the presence of hydroxyurea, whereas cdc2-3w only lost viability when the cells entered mitosis subsequently. These data suggested that the products of the checkpoint rad genes do not simply regulate cell cycle progression, blocking inappropriate entry into mitosis in response to defects in DNA synthesis, but might also have a more direct role in regulating chromosome replication that is critical for the preservation of genome integrity. In an insightful passage that anticipated much of the following 20 years of research into the action of the S-phase checkpoint pathway, Enoch et al. [3] noted that the 'possible functions for the hus and rad proteins might be maintaining the replication complex at the replication fork during S-phase arrest, preserving the structure of the replication bubble, repairing the damage caused by a poorly functioning polymerase or controlling the expression of genes involved in any of these processes'.
Multiple checkpoint genes were also identified in budding yeast around the same time via several screens. These included a further analysis of the collection of rad mutants [5, 13] , a screen for mutations in 'mitotic entry checkpoint' or 'MEC' genes that caused mitotic entry in cells with DNA damage resulting from inactivation of the Cdc13 protein [5, 14] , a screen for 'spindle arrest defective' or 'sad' mutants that failed to block anaphase when replication was blocked by treating cells with hydroxyurea [13] , and a screen for mutations that caused sensitivity to the alkylating agent methyl methanesulphonate (MMS) as well as reduced meiotic recombination [15] . The RAD53/MEC2/SAD1 and MEC1/ESR1/SAD3 genes were of particular interest as they were required not only to block cell cycle progression in response to DNA damage in G2 phase, just like the other budding yeast checkpoint genes, but were also needed to block anaphase in hydroxyurea-treated cells. This suggested that the other checkpoint proteins might be required to sense DNA damage but not defective replication forks per se, whereas Rad53 and Mec1 might be needed in both situations to transduce the checkpoint signal. Moreover, both checkpoint kinases were found to be required to slow the rate of progression of DNA synthesis when yeast cells were treated with MMS [16] , analogous to the failure of AT cells to inhibit replication upon irradiation. These data indicated that Mec1-Rad53 were central to an S-phase checkpoint response that regulates chromosome replication in budding yeast in response to DNA damage ( figure 1) .
Importantly, the RAD53 gene was found to encode a protein kinase that activates another related kinase, Dun1, which is needed to stimulate the transcription of RNR genes in response to DNA damage or defects in DNA replication [13] . This provided the first mechanistic insight into how checkpoint kinases are able to regulate chromosome replication in addition to controlling cell cycle progression, consistent with the earlier experiments with fission yeast. Later work showed that the sensitivity of rad53D or mec1D cells to hydroxyurea treatment could not be suppressed by blocking mitosis, and seemed to result from a failure to complete chromosome replication following transient depletion of nucleotides [17] . Moreover, budding yeast cells lacking Mec1 or Rad53 were similarly defective in delaying mitosis following transient treatment with hydroxyurea, but mec1D cells lost viability to a much greater degree than rad53D, indicating that Mec1 had other roles that were important for survival in response to defects in chromosome replication [17] .
A key advance in understanding the molecular action of DNA structure checkpoint pathways came with the identification by positional cloning of the ATM gene (ataxia-mutated) that is defective in AT [18] , as it was found to encode a protein related to fission yeast Rad3, budding yeast Mec1 and the newly identified Tel1 protein that was required to maintain telomere length in budding yeast. All these proteins are related to phosphoinositide 3-kinase (PI-3 kinase), but immune-precipitates of fission yeast Rad3 supported auto-phosphorylation and it is now clear that ATM/Rad3/Mec1/Tel1 are actually all protein kinases [19] . ATM is related most closely to Tel1, whereas Mec1 and Rad3 are more closely related to a further kinase in human cells known as ATR (ataxia-and rad-related), which was identified by virtue of its homology to fission yeast Rad3 [19] . Although Tel1 is less important than Mec1 for the survival of budding yeast cells that have been exposed to DNA damage, cells lacking both kinases were found to have an enhanced sensitivity to DNA damage and a greater defect in telomere preservation [20] . It now seems likely that almost all eukaryotes have checkpoint pathways based on orthologues of both ATM and ATR, which are targeted in different ways to defective DNA structures: ATM is principally recruited to double-strand breaks in DNA by the MRX complex (comprising the Mre11, Rad50 and Xrs2 proteins), whereas ATR is recruited to defective replication forks or processed double-strand breaks via single-strand DNA (ssDNA) that is exposed to a greater extent than at normal forks. The recruitment of ATR to ssDNA involves another subunit of the kinase, called ATRIP in vertebrates or Ddc2/Rad26 in yeasts, which associates with the single-strand binding protein RPA (replication protein A). Subsequently, it was found that Rad53 acts downstream of Mec1 in budding yeast [21] , and work using fission yeast showed that the orthologue of Rad53 (known as Cds1) acts downstream of Rad3 in response to replication defects [22] , whereas a further kinase called Chk1 is activated by Rad3 in response to DNA damage during G2 phase [23] . The other checkpoint proteins function as 'adaptors' that recognize the defective DNA structures that are the source of the checkpoint signal (including the junction between primers and ssDNA), and also as 'mediators' that help to activate the checkpoint kinases [24] .
These data led to a model for checkpoint signalling in animal cells and fungi, by which orthologues of ATR/Mec1/Rad3 and ATM/Tel1 act as upstream 'sensor' kinases that are recruited and activated at sites of DNA damage by other checkpoint factors, leading to the subsequent activation of the downstream 'effector' kinases Rad53/Cds1 and Chk1. The situation in metazoan cells is slightly different from that in yeast, however, as the Chk2 orthologue of Rad53/Cds1 has swapped roles with Chk1 during the course of evolution, so that Chk2 acts downstream of ATM, largely in response to double-strand breaks, whereas Chk1 acts downstream of ATR, principally responding to defects at DNA replication forks. Checkpoint responses in plants also involve orthologues of ATR and ATM, but genome-sequencing projects have revealed the surprising fact that plants appear to lack orthologues of Chk1 or Rad53/Cds1/ Chk2, as well as the adaptors and mediators that help activate the effector kinases in animal cells and fungi. It thus remains to be determined whether the 
THE REGULATION OF RIBONUCLEOTIDE REDUCTASE IS A KEY FEATURE OF THE S-PHASE CHECKPOINT RESPONSE
The activity of RNR is regulated in an exquisite fashion in eukaryotic cells and is an important determinant of genome integrity. It appears that cells make just enough deoxynucleotide triphosphates (dNTPs) during S phase for efficient chromosome replication, as too much or too little dNTPs can be mutagenic [25] . In addition, reduced dNTP levels slow fork progression and stimulate chromosome instability [26] . Recent data indicate that reduced dNTP levels make an important contribution to genome instability in the early development of cancer, in response to oncogene activation [27] . In all eukaryotes, it seems that ATP and dNTPs regulate RNR in an allosteric fashion [25] . Moreover, transcription of the genes encoding the various subunits of RNR has been shown from yeasts to humans to be stimulated during S phase and induced in response to DNA damage or defects in replication [28] . This regulation was first studied in budding yeast and led to the identification of the Dun1 protein kinase (expression of RNR genes was damage uninducible), which plays a key role in regulating RNR activity [29] . Dun1 is needed for transcription of RNR genes in response to replication defects or DNA damage, and Dun1 is activated by the related Rad53 checkpoint kinase as mentioned already. The RNR genes are part of a large set of genes that are normally induced during S phase and then repressed afterwards [30, 31] . In response to replication defects, the S-phase checkpoint kinases preserve the S-phase transcriptional programme by blocking its repression, maintaining the expression of many genes that encode replication factors [30] . Although they are part of this programme, the RNR genes are also regulated independently by a repressor known as Crt1 (constitutive RNR3 transcription), which is inhibited by Dun1 in response to checkpoint activation, leading to greatly increased expression of RNR [32] .
Subsequently, it was found that other proteins regulate RNR post-translationally, as part of the S-phase checkpoint pathway. The budding yeast MEC1 and RAD53 genes are essential for cell viability even in the absence of exogenous sources of replication stress or DNA damage. Mutation of a gene called SML1 (suppressor of Mec1 lethality) was found to suppress the inviability of mec1D or rad53D, as did increased expression of RNR genes [17, 33] . The Sml1 protein encodes a direct inhibitor of RNR that must be degraded in each round of the cell cycle when budding yeast cells enter S phase, and that is also degraded in response to DNA damage and replication defects [33] . The regulation of Sml1 stability is rather complicated, as the Mec1-Rad53 -Dun1 pathway is essential for the degradation of Sml1 in response to checkpoint activation, but Rad53 and particularly Dun1 are less important for downregulation of Sml1 in the normal cell cycle [26] . These data showed that the checkpoint kinases play an essential role in facilitating dNTP synthesis during S phase in budding yeast. Bypassing the essential role of Mec1 or Rad53 by deletion of SML1 or overexpression of RNR did not allow cells to survive DNA damage or hydroxyurea treatment in the absence of Rad53 or Mec1, indicating that the checkpoint kinases have other important roles too.
Later work showed that RNR is regulated in still more ways by the S-phase checkpoint pathway in yeast cells. The small subunit of RNR is normally hidden in the nucleus away from the largely cytoplasmic large subunit, until S-phase or checkpoint activation. The Dif1 protein (damage regulated import facilitator) takes the small subunit to the nucleus where it is tethered by another factor, and the Mec1-Rad53-Dun1 pathway phosphorylates Dif1 upon checkpoint activation and promotes its degradation [34, 35] . It now seems that Sml1 and Dif1 have a common ancestry, and the fission yeast Spd1 protein (S-phase delayed) is a member of the same family of proteins that seems to play a role analogous to Sml1-Dif1 in regulating RNR activity during the cell cycle and in response to checkpoint activation [34] [35] [36] .
Although it is clear that RNR genes are regulated at the transcriptional level in response to replication stress in mammalian cells as in yeast, metazoan orthologues of Sml1/Dif1/Spd1 have yet to be identified.
CHECKPOINT ACTIVATION AT DEFECTIVE REPLICATION FORKS INHIBITS INITIATION EVENTS AT LATER ORIGINS
As discussed already, it was clear long before we understood the nature of checkpoints that irradiation of mammalian cells led to a very rapid inhibition of DNA synthesis. The response was too quick to be explained simply by a failure of G1-phase cells to enter S phase, and instead reflected a very rapid response during S phase, inhibiting new initiation events in parts of the genome where replication forks had yet to be established [9] . This phenomenon was defective in cells lacking the ATM kinase, which is needed for cells to respond properly to the DNA damage caused by irradiation. Similarly, later work with yeast showed that the Rad53 checkpoint kinase delays the firing of later origins of replication in response to defects in DNA synthesis at forks from early origins, in cells that have been treated with hydroxyurea [37, 38] . As defective replication forks are a major potential source of chromosome instability, delaying the firing of new origins in response to replication defects will allow the cell to avoid making still more defective forks. Once the source of the damage or replication defect has been dealt with and the checkpoint has been inactivated, the previously silenced origins can give rise to new forks that will aid the completion of chromosome replication. Moreover, it seems likely that some of the factors that are needed at forks are present at limiting levels (dNTPs is one example), and this provides another rationale
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for a mechanism that prevents too many forks from being formed at the same time.
Very recent work with budding yeast has identified the main features of the mechanism by which the Rad53 kinase blocks the initiation step of replication [39] [40] [41] . Rad53 phosphorylates two factors that play a key role during the initiation of chromosome replication at each origin: the Dbf4 subunit of the Cdc7 kinase, and the Sld3 protein. Inhibiting these factors prevents the activation of the replicative DNA helicase at origins and so blocks the establishment of DNA replication forks.
It remains to be seen whether the mechanism by which checkpoint kinases control origin activation is similar in other eukaryotes. In mammalian cells, it seems that activation of the S-phase checkpoint blocks initiation in later regions of the genome but does not prevent new initiation events at sites that are very close to the defective forks [42, 43] . This means that the spacing of origins in active regions actually decreases when fork progression is defective, as there is more time for initiation events at sites that would normally have been replicated passively. One possible explanation for these data would be that the checkpoint regulates the accessibility of initiation factors to chromatin loops that have yet to support replication, rather than blocking directly the interaction of such factors with the inactive replicative helicase at origins. Further work is needed before we will know whether this mechanism involves different targets to the response that blocks origin firing in budding yeast. At any rate, the end result is similar, and appears to be another conserved feature of the S-phase checkpoint, at least between animal cells and fungi.
PROTECTING REPLICATION FORKS: AN 'ESSENTIAL ROLE' OF THE S-PHASE CHECKPOINT?
Checkpoint activation in response to replication defects blocks mitosis, and untimely entry into mitosis is one important reason why cells lacking the S-phase checkpoint would die under such circumstances. As discussed already, however, progression through mitosis is not enough to explain why checkpoint kinases are so important for cells to survive replication defects. Instead, it appears that the S-phase checkpoint is essential for chromosome replication to be completed following transient exposure of cells to agents such as hydroxyurea or DNA-alkylating agents, both in yeasts and human cells [17, 44] . Although the best-characterized targets of the S-phase checkpoint pathway, such as the regulation of RNR, the transcription of genes encoding other replication factors and the inhibition of origin firing, are all likely to contribute to survival, several lines of evidence indicate that the checkpoint kinases might have a more direct role in preserving the functional integrity of DNA replication forks.
When assays were first developed to monitor the progression of individual replication forks through a budding yeast chromosome following DNA-alkylation, it became clear that DNA damage makes forks much slower, independently of the checkpoint response [45] . When cells lacking checkpoint kinases are treated with DNA-alkylating agents, cells complete the bulk of DNA synthesis more quickly [16] , but this is due to the fact that all origins fire under such conditions [45] . Fork progression is still much slower than normal, and forks actually have a higher probability of failing to reach the end of each replicon in cells lacking Mec1 or Rad53 [45] . This means that some regions of the genome are replicated incompletely under such conditions, which guarantees lethality in the next round of cell division. Similarly, direct analysis of replication fork DNA in budding yeast cells treated with hydroxyurea showed that Rad53 is needed to prevent DNA damage or changes in the fork structure [46] , which were interpreted as 'replication fork collapse'.
The molecular details of the regulation underlying these phenomena are still under investigation, although several possibilities have emerged. One idea is that the checkpoint kinases prevent inappropriate and potentially dangerous recombination events from occurring at replication forks, despite the fact that recombination is crucial for fork progression to continue through at least some kinds of damaged DNA templates. Work with fission yeast has shown that the Rad60 regulator of recombination is excluded from the nucleus in response to checkpoint activation [47] , and the Cds1 checkpoint kinase phosphorylates and apparently inhibits the Mus81 endonuclease that contributes to the resolution of joint DNA molecules during recombination. In addition, experiments with budding yeast have indicated that the resection of double-strand breaks is slower when the S-phase checkpoint is activated in cells treated with hydroxyurea [48] . This would provide a neat way of allowing 'helpful' recombination events to continue, using ssDNA already present at forks, while preventing harmful damage of forks by excessive action of nucleases on the ssDNA templates that are exposed to a greater extent at forks when replication is defective.
The Exo1 nuclease helps resect broken DNA ends after initial processing by other nucleases, and appears to be negatively regulated by checkpoint kinases in yeast and human cells [49 -51] . Moreover, deletion of the EXO1 gene suppresses the defect in fork progression that is observed when budding yeast cells lacking Rad53 are treated with MMS [52] . The situation is complicated, however, as this improvement in fork progression requires the action of the Chk1 kinase, which does not normally play an important role in controlling fork progression when yeast cells are treated with DNA-alkylating agents. In addition, deletion of EXO1 does not suppress the defects in fork progression that are seen when mec1D cells are exposed to DNA damage [52] . These findings are reminiscent of a previous study that showed that the sensitivity of mec1D cells to MMS can be alleviated in part by removal of another nuclease called Sae2 [53] , which normally helps us to resect doublestrand DNA breaks. The mechanism of suppression in this case was found to be indirect, as removal of Sae2 leads to the persistence of double-strand breaks and so to increased signalling from Tel1, which helps us to activate Rad53 in the absence of Mec1 [53] . So, it remains to be seen whether the suppression of the MMS sensitivity of rad53D by removal of Exo1 is a direct consequence of preventing the potentially harmful effects of Exo1 at forks, or also involves a more indirect mechanism that activates another branch of the checkpoint pathway involving Chk1.
To make things more complicated, and in contrast to the negative regulation of Exo1 by checkpoint kinases, there is ample evidence that the checkpoint activates other cellular nucleases that are used to process damaged DNA. For example, Mec1 and Tel1 phosphorylate and activate the Sae2 nuclease as well as the Slx4 protein that serves as a scaffold for multiple cellular nucleases [54, 55] . Clearly, we still need to learn much more about how the S-phase checkpoint response is able to balance the activity of cellular nucleases to preserve genome integrity at replication forks as well as stimulating DNA repair when necessary.
It also seems clear that chromatin is another important target of S-phase checkpoint kinases. Histone H2A (or the related H2AX) is phosphorylated by ATR/Mec1 and ATM/Tel1 in human cells and yeast [56, 57] , and serves to recruit other checkpoint proteins as well as chromatin-remodelling factors such as the Ino80 complex [58] . The mechanisms by which chromatin-remodelling factors help cells survive defects in chromosome replication are not understood, but some reconfiguration of chromatin around defective forks might be important to control access of other factors that are controlled by the S-phase checkpoint response.
Another important concept to emerge from studies of the S-phase checkpoint in yeasts has been that the checkpoint kinases might directly regulate the replisome at defective forks, to stop it from collapsing. This idea came from chromatin immunoprecipitation experiments that monitored the association of various replisome components with forks in budding yeast cells treated with hydroxyurea. The replisome factors were observed around origins in control cells treated with hydroxyurea, but not in cells lacking Rad53 or Mec1 [59 -64] . Collapse of the replisome in cells lacking checkpoint kinases might expose DNA at forks to nucleolytic attack, leading to the changes in DNA structure that have been observed in budding yeast cells lacking Rad53. Nevertheless, we recently developed more direct assays for monitoring replisome stability at defective replication forks isolated from extracts of budding yeast cells, and have found that replisome components still associate with each other and with chromosomal DNA in cells lacking Mec1 or Rad53. This indicates that replisome stability is actually independent of S-phase checkpoint kinases (G. De Piccoli & K. Labib, unpublished data). Moreover, studies of chromosome replication in extracts of Xenopus eggs indicated that checkpoint kinases are dispensable under some circumstances for replication to resume after transient inhibition [65] , consistent with the idea that replisome stability is not a key target of the checkpoint response.
It is striking, however, that replication factors are highly enriched among the list of putative substrates identified in several large-scale screens for targets of checkpoint kinases in budding yeast and mammalian cells [66 -68] . These data raise the possibility that checkpoint kinases might regulate the replisome in other ways, for example, by controlling its function rather than its stability. Consistent with this view, experiments with yeast and human cells have indicated that fork progression might be controlled by checkpoint kinases [69, 70] . The relevant targets of this regulation remain to be determined, and our understanding of how the S-phase checkpoint allows cells to complete chromosome replication is still at a relatively early stage.
FUTURE PERSPECTIVES
There is still a lot to learn about how the S-phase checkpoint response preserves genome integrity during chromosome replication in eukaryotic cells. The best-characterized facets of the response in yeasts, such as stimulation of RNR and inhibition of origin activity, remain poorly understood in other species. The situation in plant cells is particularly intriguing, owing to the apparent absence of many checkpoint proteins, including the effector kinases that act downstream of Mec1 in other species.
Even in budding yeast, the mechanisms that underlie the critical role of the checkpoint in preserving the function of replication forks in response to replication stress are still very enigmatic. Nevertheless, many putative targets of the checkpoint kinases have been identified in both budding yeast and mammalian cells, and it seems very likely that the coming years will see considerable progress in our understanding of how cells cope with replication stress, and are able to ensure that they duplicate their chromosomes successfully in each round of the cell cycle.
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